The biological process route of xylitol production from lignocellulosic materials, via enzymatic hydrolysis which is followed by fermentation, offers a more sustainable or greener process than the chemical process route. Both the enzymatic hydrolysis and the fermentation processes are conducted at moderate process condition and thus require less energy and chemicals. However, the process proceeds slower than the chemical one. In order to improve process performance, the enzymatic hydrolysis and the fermentation processes can be integrated as Simultaneous Saccharification and Fermentation (SSF) configuration. This paper discusses the evaluation of SSF configuration on xylitol production from Oil Palm Empty Fruit Bunches (OPEFB). To integrate two processes which have different optimum temperature, the performance of each process at various temperature was first evaluated. Later, SSF was evaluated at various hydrolysis and fermentation time at each optimum temperature. SSF showed better process performance than the separated hydrolysis and fermentation processes. The best result was obtained from configuration with 72 hours of prior hydrolysis followed by simultaneous hydrolysis and fermentation, giving yield of 0.08 g-xylitol/g-OPEFB.
Introduction
Xylitol is a five-carbon sugar alcohol that has comparable sweetening power to that of sucrose, and it can readily be digested in the human body without involving insulin. Xylitol cannot the hemicellulose portions of plant cell walls. Several hydrolysis methods of lignocellulosic biomass to obtain xylose have been explored, i.e. mechanical, thermal combination, chemical, and enzymatic methods [5] [6] [7] . The dilute-acidcatalysed hydrolysis has been thoroughly explored [8] [9] [10] . However, its application requires a specific construction material that can withstand harsh operating conditions. The alkalinecatalysed hydrolysis has also been proposed [11] [12] [13] . These processes may also require plenty of chemicals for pH adjustment for the following process. As an alternative, enzymatic hydrolysis has also been suggested [14] [15] [16] . Although it is relatively slow, the process can be carried out at a moderate operation condition.
Xylose conversion to xylitol can be conducted via chemical hydrogenation by using noble metal catalysts [17, 18] . This method requires high purity xylose as the reactant [4, 19, 20] . Alternately, the conversion can be performed by utilising biological agents including bacteria, filamentous fungi, yeasts, and enzymes. In the early studies, Parajo' [21] investigated xylitol production from Eucalyptus globulus wood hydrolysate, by utilising D. hansenii NRRL Y7426, giving final xylitol concentration of 8 g/L and xylitol yield of 0.79 g xylitol/g xylose or about 0.11 g xylitol/g wood. Recently, xylitol production was observed by utilising Candida guilliermondii FTI 20037 [22, 23] to produce xylitol from bagasse hydrolysate with the yield as much as 0.63 g xylitol/g xylose consumed or about 0.14 g xylitol/g sugarcane bagasse. The typical fermentation process, the microbial conversion of xylose to xylitol, may take hours or days to proceed [3, 24, 25] . To make this process applicable in industrial scale, the process has to be rapid, provides the high yield, and utilises agricultural waste as alternative cheaper culture media [26] .
One of the abundant resources available in Indonesia is Oil Palm Empty Fruit Bunches (OPEFB), with the amount of 34 million tonnes are produced annually as biomass residue from oil palm industries [27] . They are used neither as animal feed because of the rough texture nor as fuel because of high water content [28] . The biomass is composed of cellulose (34-43%), xylan-rich hemicellulose (23-35%), and lignin (11-23%) [1] therefore, it provides good raw material for xylitol production. The utilisation of OPEFB for xylitol production will give an added value for the oil palm industry and aiding pollution abatement.
The utilisation of OPEFB for xylitol production had been initiated in 2004 giving the highest yield of 0.67 g/g-xylose from charcoalthreated hydrolysate using D. hansenii [29] . Further study revealed the optimum condition for C. tropicalis giving the highest yield of 0.84 g/g-xylose [30] . Another research investigated the effect of glucose in xylitol production then provided the highest yield of 0.24 g/g-xylose on the optimum glucose to xylose ratio at 0.25 (w/w) by using D. hansenii [31] .
To improve the efficiency of the biological route of xylitol production, it is proposed to integrate the enzymatic hydrolysis process of lignocellulosic material (saccharification) and the microbial conversion of the hydrolysate to xylitol (fermentation). The process is thus called simultaneous saccharification and fermentation (SSF). By simultaneous saccharification and fermentation (SSF), enzymatic hydrolysis can be carried out simultaneously with the fermentation in one process [32] . This process offers several advantages, including continuous removal of hydrolysis end-products that inhibits enzyme activity and short processing time [33] .
This method had first been introduced for ethanol production [34, 35] . Saha [36] investigated the comparison between separated hydrolysis and fermentation and simultaneous hydrolysis and fermentation for ethanol production using engineered Escherichia coli strain FBR5 utilising wheat straw. The obtained results showed that the ethanol yield from the lignocellulosic material (g ethanol/g straw) of the simultaneous process was 16% higher than the yield obtained from the one conducted separately. In addition, the total time course of the integration process was 40 hours shorter than the one conducted separately. Another research showed that the application of SSF on wheat straw and corncob for ethanol production using S. cereviceae [37] could shorten the process by 24 hours and get the same level of substrate conversion. However, the application of SSF for xylitol has not been thoroughly investigated.
The challenge in implementing SSF is to obtain the optimum operating conditions, such as: pH and temperature of both the hydrolysis and fermentation processes, to achieve the optimal yield and productivity. Each process is normally performed at different operating conditions.
The goal of this research was to study the application of SSF for xylitol production from OPEFB. The temperature profile of each separated process, hydrolysis and fermentation, was first studied to obtain the optimum operating condition for the SSF configuration.
The yield of xylitol from OPEFB as well as the processing time of the SSF process configuration was compared with the separated process.
Materials and Methods

OPEFB Biomass Preparation
Oil palm empty fruit bunches (OPEFB) was collected from Incasi Raya palm oil mill, West Sumatra, Indonesia. OPEFB was washed, sundried, and mechanically milled to obtain maximum OPEFB particles size of 60 mesh (<0.85 mm). The composition of dried OPEFB was reported as 43-43.47% cellulose, 22.93-23.67% hemicellulose, 21.27-22.10% lignin [38] .
Enzyme, microorganisms, and media
The enzyme used was Cellic-Htec2 (Novozymes). DNS method [39] was applied to determine the xylanase activities of the enzyme. The yeast strain used in this study for xylitol fermentation, Debaromyces hansenii ITB CCR85 was obtained from the culture collection of Microbiology and Bioprocess Technology Laboratory of Chemical Engineering, Institut Teknologi Bandung. The yeast was maintained in an agar slant consisting of 20 g/L bacto-agar, 10 g/L peptone-water, 5 g/L yeast extract and 10 g/L glucose.
Hydrolysis and Fermentation of EFB
Hydrolysis experiment was performed by submerging 10 g of OPEFB in 200 mL 50 mM citrate buffer at pH 5.2, giving a solid loading of 5% (w/v). This solution was steam sterilised at 1 barg for 15 minutes before the enzyme was added to the system. Total xylanase activity of 1180 U/mL medium was applied in every experiment. The experiment was conducted at 30, 37, and 42 ºC in the orbital shaker at 150 rpm. A synthetic medium containing 20 g/L xylose and inorganic salts solution [40] was used in the separated fermentation experiments. Fermentation was conducted at various temperatures, such as 30, 35, or 37 ºC, in a shaker incubator at 150 rpm.
Simultaneous Saccharification and Fermentation (SSF) experiments were carried out at the previously obtained optimal temperature for hydrolysis and fermentation, by varying the hydrolysis and fermentation time. After the designed time was set for the prior hydrolysis, D. hansenii inoculum solution and inorganic salts solution were added to the hydrolysate for starting the fermentation. As a control, a similar experiment set up was conducted with 72 hours of hydrolysis, followed by separation of hydrolysate from OPEFB residue. The fermentation was conducted using the only hydrolysate without the OPEFB residue. Samples were taken periodically for biomass, sugars, and metabolic products analysis.
Analytical Methods
Biomass cell concentration was quantified by counting cell numbers under a microscope u s i n g a h a e m o c y t o m e t e r c o u n t e r (NEUBAUER, Tiefe 0.100 mm, 0.0025 mm 2 , SUPERIOR W-Germany). Sugar concentration: glucose and xylose, and the metabolic product concentration: xylitol and ethanol were analysed by using a Waters High-Performance Liquid Chromatography system using an organic acid column (Aminex HPX87H Ion Exclusion Column, Biorad) and Refractive Index Detector. H2SO4 was applied as the eluent at a flowrate of 0.6 mL/min at a column temperature of 60 °C.
Results and Discussion
Effects of Temperature on OPEFB Hydrolysis Process by crude xylanase
The enzymatic hydrolysis of OPEFB by crude xylanase was evaluated at 30-42 °C. The obtained results are presented in Figure 1 . The temperature certainly affected the performance of enzymatic hydrolysis. An increase in temperature increased the sugar recovery. After 48 hours of hydrolysis, an increase in hydrolysis temperature from 30 to 37 °C increased the obtained xylose concentration in the OPEFB hydrolysate from 1 g/L to 1.5 g/L.
Further increased from 37 to 42 °C gave no significant increase in xylose recovery. On the other hand, an increase in temperature from 30 to 37 °C did not increase the glucose recovery significantly. The significant increase was only observed when the hydrolysis temperature was set at 42 °C.
Overall, the obtained results suggest that the greater conversion in hydrolysis would be achieved at a higher temperature at the shorter period and that 42 ºC is the favourable condi-tion to obtain better sugar recovery [41, 42] .
Effects of Temperature on Xylose Fermentation by D. hansenii
Effect of temperature also was investigated in xylose fermentation using D. hansenii (Figure 2) . The optimal temperature for the highest xylitol production and cell growth was observed at 30 ºC. The xylitol concentration after 69 h fermentation was measured to be 7.3 g/L, giving the yield of xylitol on substrate (Yp/s) were calculated to be 0.47 g-xylitol/gxylose. Whereas the volume productivity and the specific growth rate were calculated to be 0.11 g-xylitol/L/h and 0.19 h -1 , respectively. At other evaluated temperatures, 35 and 37 ºC, the growth rate and productivity of xylitol dropped significantly, to 0.08-0.03 h -1 , and to 0.06-0.07 g xylitol/L/h, respectively. Although the related yield Yp/s remained constant 0.44-0.53 g xylitol/g xylose consumed.
The yield obtained in this study was comparable to literatures [43] , it was reported that the yield of xylitol from consumed xylose and the xylitol volume productivity of the new isolated D. hansenii (UFV-170) to be 0.54 g/g and 0.24 g/L/h, respectively after 24 h incubation at 30 ºC. Other literatures also showed that the yield of xylitol at 30 ºC was 0.79 g/g-xylose, which was obtained within 225 hours [21] ; whereas [44] cultivated D. hansenii at 30 ºC for 72 h and obtained yield xylitol about 0.5 g/gxylose.
Prakash et al. isolated a new strain of thermotolerant D.hansenii from overripe grapes and used it to produce xylitol from sugarcane bagasse hydrolysate [45] and reported xylitol yield of 0.76 g xylitol/g xylose consumed or 0.17 g xylitol/g bagasse with the productivity as much as 0.44 g/L/h at 40 ºC. However, the results obtained from this study showed that the optimal temperature for D. hansenii ITB CCR85 was 30 ºC with the lower xylitol to xylose yield.
Evaluation of SSF
The results on the temperature profile of the OPEFB hydrolysis and the xylose fermentation processes showed that the optimum temperature for each process was 42 ºC and 30 ºC, respectively. Accordingly, the prior hydrolysis process was conducted on 42 ºC, whereas the SSF was conducted on 30 ºC. The SSF was evaluated by varying the time duration for the prior hydrolysis process or in other words by varying the commencement of the SSF (Figure  3 ). Increase the concentration of sugars: glu- cose and xylose were observed during the prior hydrolysis step. Decreasing trends of sugar and consistently increasing trends of xylitol and ethanol were observed following the addition of yeast inoculum, which started the fermentation.
As was expected, the maximum sugar concentration, xylose and glucose, increased when the prior hydrolysis process was prolonged. The maximum xylose concentration was 5.7 g/L, 8.6 g/L, 8.9 g/L, and 9.2 g/L, for the duration of prior hydrolysis 0, 24, 48, and 72 hours, respectively. Therefore, the apparent xylose yield from OPEFB increased with the longer duration of prior hydrolysis ( Table 1 ).
The highest yield of xylose from OPEFB was 0.19 g-xylose/g-OPEFB, which was obtained at the duration of prior hydrolysis of 72 hours. Considering hemicellulose content of OPEFB of about 19.1% [14] , the obtained results showed that the hydrolysis yield was 0.88 or that most of hemicellulosic OPEFB have been hydrolysed into xylose. The increase in glucose concentration during hydrolysis was less prominent. The glucose concentration only increased slightly from its initial concentration, 10.2-12.4 g/L.
Not all available sugar was consumed during the fermentation period. Only at experiments of SSF without prior hydrolysis and SSF after 48 hours of hydrolysis, most of the available xylose was consumed. The utilisation of glucose in all SSF experiments was lower than 100% as well.
The consumed xylose was converted into xylitol. However, at low xylose concentration, the produced xylitol can be consumed by the cell, as shown in Figure 3a -c. The highest xylitol production was observed at SSF after 72 hours of hydrolysis, giving a maximum xylitol concentration of 3.9 g/L (Figure 3d ).
The consumed glucose was converted into ethanol. Interestingly, the later the SSF was started, the lower ethanol concentration was produced. Indeed, the later the SSF was commenced provided a higher ratio of xylose to glucose concentration for the fermentation, thus in favour of xylitol production. This is in agreement with the previous observation that indicated that there was an optimum ratio of xylose to glucose concentration that was preferred for optimum xylitol production [31] . Glucose was only needed at a certain proportion to support cell growth. The remaining glucose would be converted into ethanol. Overall, the results showed that the SSF configuration could provide a condition that favours xylitol production and less ethanol production. Comparison of various SSF configurations is summarised in Table 1 . The separated hydrolysis and fermentation experiment, in which the OPEFB hydrolysis was conducted for 72 hours and the fermentation was conducted using only the hydrolysate or without the OPEFB residue, was also conducted at the control experiment and the results are presented in Figure 4 .
The separated hydrolysis and fermentation was shown to give comparable ethanol concentration but lower xylitol concentration. The SSF configuration was observed to give higher apparent xylose utilisation than the separated configuration, 0.70 versus 0.67, respectively. The SSF configuration was also observed to give higher apparent xylitol to xylose yield than the separated configuration, 0.56 versus 0.19 g-xylitol/g-xylose, respectively.
Simultaneous saccharification and fermentation configuration for xylitol production, in particular by utilising D. hansenii is barely reported in literature. The obtained results were comparable with the literature [29] which utilized D. hansenii NRRL Y-7426 to produce xylitol from acid-treated detoxified filtrated EFB hydrolysate. The yield xylitol to xylose con-sumed obtained were 0.5 g/g and 0.6 g/g, respectively for fermentation using raw hydrolyzate and charcoal treated hydrolyzate after 200 h fermentation at 30 ºC. The obtained result showed a higher xylitol to xylose yield than the previous one [31] , in which the same strain of D. hansenii was used and gave xylitol yield of 0.24 g/g-xylose.
Several investigations showing the higher xylitol yield used substrates i.e. cashew apple bagasse, corncob, sago trunk, sorghum straw which have xylose to glucose mass ratio much greater than unity. It was also reported that the xylose in higher concentration favours more xylitol produced by yeasts [46] [47] [48] . The hydrolysate obtained in this study contained more glucose than xylose. Moreover, the maximum xylose concentration was only in the order of 10 g/L. These need to be solved to obtain higher yield and concentration of xylitol produced. 
Hydrolysis and fermentation configuration
Conclusions
Simultaneous saccharification and fermentation of OPEFB for xylitol production provided higher performance than separated hydrolysis and fermentation processes. The optimum SSF configuration was obtained at 72 hours prior to OPEFB hydrolysis at 42 ºC and SSF at 30 ºC for the remaining time frame of 140 hours. This configuration gave the yield of xylitol from OPEFB of 0.08 g-xylitol/g-OPEFB.
